ABSTRACT: Because planktonic invertebrate larvae may be food-limited, anything that increases feeding and digestive efficiency should increase the chances of larval survival to metamorphosis. As light directly enhances both feeding and digestion in some planktonic heterotrophic protists, we hypothesize that similar processes might occur in the larvae of marine invertebrates. We studied the direct effects of light on feeding and development in sea urchin larvae (Strongylocentrotus droebachiensis, S. franciscanus and sand dollar Dendraster excentricus). Larvae were placed in 12:12 h light:dark cycles or in complete darkness and ingestion rates were measured. We monitored larval morphology during the first 2 to 3 wk of development and tested for light-related differences. Shortterm changes in light regime had no effect on feeding rates. However, larvae of all 3 species showed longer-term diel feeding patterns with ingestion rates generally higher during daylight hours. These patterns persisted in S. franciscanus larvae even when larvae were held in complete darkness for 3 d. Larvae of D. excentricus exposed to natural light cycles developed longer arms usually associated with food limitation; those held in darkness had significantly shorter arms. The developing juvenile structures (i.e., rudiments) of S. droebachiensis larvae exposed to light were significantly smaller than those of larvae held in continuous darkness, suggesting that light may have negative effects on larval growth and development. Measuring the effects of light on feeding and growth may clarify the behaviors of invertebrate larvae during their critically important planktonic period.
INTRODUCTION
Many marine invertebrates produce planktothrophic larvae that must feed to fuel growth and tissue differentiation during their planktonic periods. Such larvae undergo considerable mortality while in the plankton (Thorson 1950 , Young & Chia 1987 , Rumrill 1990 , Morgan 1995 . Field sampling and laboratory experiments suggest that low natural food levels may limit growth and development of planktotrophic larvae (Paulay et al. 1985 , Olson & Olson 1989 , Fenaux et al. 1994 , Sulkin et al. 1998 , Hansen 1999 , Fotel et al. 1999 , potentially increasing the length of the larval planktonic period. Because increased time in the plankton increases the risk of being killed by predators, selection for rapid development should optimize the feeding and digestive efficiency of the dispersing larvae.
Light enhances feeding rate and digestion in some planktonic heterotrophic protists. Strom (2001) found *Corresponding author. Email: brian.bingham@wwu.edu that exposure to light caused (1) a 2-to 7-fold enhancement of ingestion rate in the ciliates Coxliella sp. and Strombidinopsis acuminatum, (2) a 40-fold increase in food vacuole loss rate (a measure of digestion) in the heterotrophic dinoflagellate Noctiluca scintillans, and (3) a 20-fold increase in overall population growth rate of Coxliella sp. Strom (2001) hypothesized that light causes chlorophyll photosensitization in the ingested algal cells, producing reactive oxygen species in the protist food vacuole. The reactive oxygen species presumably break down organic matter in the algal cells, attacking lipids, proteins and nucleic acids. As a result, the heterotrophic protists in the light get a digestive boost as oxidative reactions break organic matter down into smaller compounds that are easier to assimilate. Therefore, light increased digestive throughput of algal prey, decreasing vacuole passage time and enabling the protists to ingest and process more algal cells per unit time. This is consistent with the observation of Verity (1991) that, at high food concentrations, ciliates can increase their ingestion rate by enlarging vacuole volume or reducing vacuole passage time.
The planktotrophic larvae of marine invertebrates might also respond physiologically or behaviorally to light, benefiting from higher feeding rates or increased digestive efficiency, either of which might lead to more rapid development. The purpose of our study was to test whether light affects feeding and growth in larvae of 3 sea urchin species. We chose these larvae for our experiments because an extensive literature on development and functional morphology of echinoid larvae provides a good basis for interpreting feeding and growth patterns. In addition, several lines of evidence (Fenaux et al. 1994) suggest that echinoid larvae are food-limited in natural waters. We tested the hypothesis that light influences feeding by determining whether (1) larvae have inherent diel feeding patterns (related to light exposure), (2) feeding behavior can be changed by modifying the light regime, (3) growth rate and larval morphology (an index of food availability in larval echinoids) differ when larvae are held in different light conditions.
MATERIALS AND METHODS
Larval cultures. Sea urchins Strongylocentrotus droebachiensis and S. franciscanus were collected from a shallow subtidal population in Burrows Bay, and sand dollars Dendraster excentricus from an intertidal sand flat near East Sound, Orcas Island, Washington, USA. Collections were done in spring of 2002 during months of peak spawning activity: March for S. droebachiensis, April for D. excentricus and May for S. franciscanus.
Sea urchins were induced to spawn in the laboratory by injection of 0.55 M KCL. Eggs from 2 to 3 females were mixed and fertilized with sperm from a single male. Only cultures with > 90% fertilization were used for experiments. Developing embryos were held at 12°C on a 12:12 h light:dark cycle (lights on at 06:00 h, off at 18:00 h) with daily water changes. Once larvae had reached the feeding pluteus stage (3 d after fertilization), we maintained them on a mixed diet of the algae Dunaliella tertiolecta (350 cells ml -1 ) and
Rhodomonas sp. (4000 cells ml -1 ), changing the water daily by filtering through a 63 µm Nitex filter.
Effect of time-of-day on larval feeding. To test the influence of the light cycle on larval feeding and digestion, we designed an experiment to determine whether there are inherent daily rhythms in larval feeding.
Six to 8 d after fertilization (depending on the species), we stopped feeding the plutei for 24 h to clear their guts. We prepared 20 ml glass scintillation vials with 1000 cells ml -1 of Rhodomonas sp. and 4000 polystyrene beads ml -1 (10 µm diameter; Polysciences). The beads, which had been soaked in 2.5% bovine serum albumin for 24 h to increase their palatability, were readily ingested by larvae; this provided a much clearer measure of ingestion than did algae, which, due to digestion, quickly became uncountable in the stomach. Ten vials were covered with black tape and 10 were left uncovered. Five covered and 5 uncovered vials were prepared for the Dendraster excentricus and Strongylocentrotus franciscanus experiments. Four of each were used to test S. droebachiensis.
To start the experiment, we added 15 larvae to each vial, then placed the vials on a plankton roller that turned at ca. 6 rpm. Each vial had a small air space to facilitate mixing. The roller was housed in a 12°C incubator equipped with wide-spectrum fluorescent bulbs (Sylvania F40/GRO/AQ/WS). Light intensity was ca. 50 µmol photons m -2 s -1 at the level of the vials. We allowed feeding to occur for 15 min, then preserved the larvae by adding buffered formalin (final concentration 10%). The feeding trials were kept to 15 min to ensure that individual beads could still be distinguished in the stomachs.
The experiment was repeated at 07:00, 13:00, 19:00 and 01:00 h for a total of 40 vials (containing a total of 600 larvae per species) for Dendraster excentricus and Strongylocentrotus franciscanus, and 32 vials (containing a total of 480 larvae) for S. droebachiensis. New larvae were used for each trial. Because all larvae were from the same cultures and exposed to the same conditions, any differences in feeding rate over time should have been caused by natural daily patterns of ingestion.
Ingestion rates were measured by counting the beads in the stomachs of 10 to 12 larvae from each vial. Larvae were mounted on microscope slides and flattened with a coverslip, allowing us to accurately count all beads. Data were analyzed as a nested ANOVA with light treatment and time of day as the main factors, vial nested in both light and time and larvae nested in everything. Light and time-of-day were fixed factors while vial and larvae were random. We further analyzed significant time-of-day effects with Tukey's honestly significant difference (HSD) pairwise comparisons. Prior to analysis, we verified that the data met assumptions of normality and homogeneous variance.
Effect of light exposure on larval feeding. To explore whether possible feeding rhythms can be disrupted by changing light conditions, we did an additional test with 22 d old larvae of Strongylocentrotus franciscanus from the same batch culture described above. In this experiment, half of the larvae were placed in complete darkness for 3 days while the remaining larvae were held in their normal 12:12 h light:dark cycle.
During their exposure to modified light conditions, it was important that all larvae fed from a common algal pool and were not affected by light-induced differences in food quality. To accomplish this, we constructed a 50 l, rectangular Plexiglas tank that held the algal food supply. A black Plexiglas plate was placed in the top of the tank, resting on 4 wheels that allowed the plate to move back and forth over the surface of the algal pool (Fig. 1) . Translucent Tripour beakers (250 ml) were hung from circular holes in the plate; the lips of the beakers held them suspended in the algal mixture but off the bottom of the tank. To keep the algal suspension mixed homogeneously throughout the tank and in the test beakers, the Plexiglas plate holding the beakers was attached to a stir motor and the whole plate (with its suspended beakers) acted as a paddle. To permit flow into the beakers, their bottoms were replaced with 80 µm Nitex mesh. This held the larvae within the individual beakers while allowing water and food particles to exchange across the Nitex. To enhance flushing across the Nitex, we attached wedges to each corner of the Plexiglas plate. As the stir motor moved the plate back and forth across the tank, the wedges lifted and lowered it, and the beakers it held, pushing water and algae across the Nitex screens.
To control light, we placed the entire tank in a 12°C incubator equipped with wide-spectrum fluorescent bulbs on a 12:12 h light:dark cycle. We created light and dark treatments in the tank by wrapping half of the beakers with black plastic and capping them with black Plexiglas discs. The light treatment beakers were capped with clear Plexiglas discs.
For the first 2 d of the ingestion experiment, the Strongylocentrotus franciscanus larvae were held in the light or dark beakers suspended in the common algal pool of the tank. The algae had been centrifuged to remove the F/2 culturing medium and resuspended in filtered seawater (8000 cells ml -1 of Rhodomonas sp.
and 3000 cells ml -1 of Dunaliella tertiolecta). The tank was continuously stirred to ensure that all larvae received the same food regardless of their light treatment. One day before measuring ingestion, we moved the larvae to static beakers with no food (still under the same experimental light conditions). After 24 h, the larvae were placed in scintillation vials and tested as described above with light and dark treatments and 4 replicate vials per treatment. Two trials were done, one at 07:00 h, the other at 13:00 h (one of the 13:00 h dark vials was lost due to a handling error). We predicted that the longer treatment exposure would disrupt any inherent feeding behavior, emphasizing the effects of light on ingestion. We counted the number of beads in the stomachs of 12 larvae from each vial and analyzed the data as described above.
To ensure beakers throughout the experimental tank received equal food and suffered no food availability bias, we ran a simple test with no larvae. We filled the tank with 40 l of seawater and added Rhodomonas sp. that had been centrifuged and resuspended in filtered seawater (10000 cells ml -1 final concentration). We then put 40, Nitex-bottom beakers in place; 36 were filled with the algal solution while 4 beakers (1 in each quadrant of the tank) held only filtered seawater. The tank was allowed to mix for 30 min with 5 ml samples drawn from the 4 beakers every 1 to 3 min. After Fig. 1 . Experimental tank used to maintain larvae in a homogeneous food suspension despite differences in light/dark conditions. The rollers and wedges moved the plate up and down as the stir motor moved it back and forth across the tank. This ensured mixing and exchange across the Nitex bottoms of the beakers 30 min, all beakers were removed, the tank contents were thoroughly mixed and 4 additional samples were drawn from the 4 quadrants of the tank as an index of algal abundance in the general algal pool. We used a fluorometer to measure the absorbance of all samples at 663 nm (to calculate chlorophyll a [chl a] concentration). To ensure no longer-term, treatment-related differences in food availability, we repeated this testing, but with the tank running continuously as it would in an experimental trial (though no larvae were added).
After 24 h, we collected a 5 ml sample from the center of all 40 beakers, measured chl a concentration and compared the light and dark treatments with a 1-way ANOVA.
We also documented light levels throughout the tank by systematically alternating 20 light and 20 dark beakers throughout the tank and measuring the light level in the center of each with a Biospherical Instruments QSL 100 4π PAR sensor. Treatments were compared with a 1-way ANOVA.
Effect of light on growth and larval morphology. To measure effects of light on growth, larvae were fed under light or dark conditions and their development was monitored. Because light could indirectly affect growth by altering food quality, we again used the tank described above. Having determined that food was well mixed in the tank, we prepared our growthlength, only the longer arm was measured as in Strathmann et al. (1992) . We measured arms from tip to base on their medial sides because (1) it was easier to determine where arms end on their medial sides, and (2) medial measures give a more accurate indication of length of the cilated band used for larval feeding (McEdward 1984) . Body width was measured at the widest point of the body proper just posterior to the posterodorsal arm lobes. By Day 17, we could see distinct rudiments (developing juvenile bodies) on the larvae of Strongylocentrotus droebachiensis. We measured the anterior to posterior diameter of those rudiments as an indication of progress toward metamorphic competence. Rudiment size in the light and dark treatments was compared with a nested ANOVA (light as the main effect with beaker nested in light and larvae nested in both light and beaker). Rudiments did not appear on larvae of the other 2 species over the duration of the experiment.
Because we were interested in larval morphology and the potential effects of light on overall larval shape, we analyzed the remaining data with multivariate methods (PRIMER software) rather than comparing individual larval dimensions. We used a nested analysis of similarity (ANOSIM) to compare the shape of larrate experiment by centrifuging and resuspending the algal cultures and then adding them to the experimental tank (8000 cells ml -1 of Rhodomonas sp. and 3000 cells ml -1 of Dunaliella tertiolecta). Final volume in the tank was 40 l.
Experiments began when pluteus larvae of the test species (Dendraster excentricus, Strongylocentrotus droebachiensis or S. franciscanus) were added to 20 light and 20 dark beakers suspended in the tank (5 to 8 larvae ml -1 ). Larvae were added to the beakers when they had reached an early pluteus stage (3 d tank was changed and fresh algal food was added. Sampled larvae were preserved in 10% buffered formalin and subsequently measured using Bioscan Optimas image analysis software. Because we did not know which larval feature might respond to the light treatments, we measured multiple variables, adding new measurements as new arms appeared on the developing larvae. Measurements included dorsal body length, ventral body length, preoral, anterolateral, postoral, and posterodorsal arm length, body width and rudiment size (Fig. 2) . If pairs of arms were unequal in vae in the dark and light treatments and to test for variability among beakers within each treatment. We ran the ANOSIM only for data collected on the last day of each experiment, assuming any differences in larval morphology would be most pronounced on that day. Prior to analysis, the data were 4th root transformed to balance the contribution of the various larval dimensions to the ordination; Euclidean distance was the distance metric. Where we found significance, we used similarity percentages (SIMPER) analysis to see which larval dimensions contributed most to treatment differences.
To visualize changes in larval shape over the full period of the experiment, we also created multidimensional scaling (MDS) plots. To simplify presentation, we averaged the larvae within individual beakers on a given day to create one value per beaker. This allowed us to visually illustrate beaker-to-beaker variability within the treatments. We then averaged all beakers within a treatment, reducing the data to a single set of larval measurements for each treatment on each day, and connected sequential samples on the MDS. Changes in position of sequential points indicate 
RESULTS

Diel patterns in larval ingestion rates
Short-term (15 min) exposures to light or dark did not significantly change ingestion rates in Dendraster excentricus, Strongylocentrotus droebachiensis or S. franciscanus plutei (Table 1) . Though sample sizes were relatively low, Fig. 3 verifies that effects, if any, were small. The separation of the treatment means exceeded 10% in only 3 instances and there was no consistent direction to the pattern (e.g. ingestion was not consistently higher in the light than it was in the dark).
Larvae of Dendraster excentricus and Strongylocentrotus droebachiensis showed temporal patterns in ingestion rates while S. franciscanus larvae did not (Table 1, Fig. 3 ). Tukey's tests showed that D. excentricus larvae ingested significantly more beads in the midday (13:00 h) sample than at any other time. The larvae of S. droebachiensis fed most in the early morning (07:00 h) sample and least in the 19:00 h sample.
There was significant vial-to-vial variability in the data from Strongylocentrotus droebachiensis and S. franciscanus (Table 1) . Despite the statistical significance (due to the large degrees of freedom in the denominators of the tests), the effect sizes were relatively small. Partial eta-squared values ranged from 0.13 to r
Light manipulation and larval feeding
Though we saw no significant temporal pattern of feeding in our initial experiment with 8 d old Strongylocentrotus franciscanus larvae, our subsequent test with 22 d old larvae did reveal a time-of-day effect ( Table 2) . The pattern was similar to what we saw with Dendraster excentricus; ingestion rates were highest in the 13:00 h sample (Fig. 4) not change feeding patterns in S. franciscanus. Larvae maintained the same feeding rhythm as those kept in their normal 12:12 h light:dark cycle. The absence of a significant light or light × time effect indicates that an internal feeding rhythm persists even when larvae experience several days of complete darkness. The experimental tank was designed to produce distinct light differences between treatments while giving all larvae access to the same algal food. Light measure-3 min. Hence, larvae should not have been able to deplete algae in a beaker faster than it could be replaced by the mixing process. After 24 h of mixing, we could detect no significant difference in the chl a fluorescence values for the light and dark treatment beakers (F = 0.19, p = 0.66).
Larval growth and morphology
Larvae sampled during the long-term growth experiment consistently had algae in their guts, suggesting that differential food availability in light and dark beakers did not produce treatment differences. Light did not significantly affect morphology of Strongylocentrotus droebachiensis or S. franciscanus larvae. There was considerable beaker-to-beaker variability in larval features (Fig. 5) and ANOSIM indicated that, on the final day of sampling, variability was significant for all 3 species (Dendraster excentricus Global R = 0.27, p = 0.001; S. droebachiensis Global R = 0.24, p = 0.01; S. franciscanus Global R = 0.31, p = 0.01). However, we found no light effects for S. droebachiensis (Global R = 0.04, p = 0.12) or S. franciscanus (Global R = 0.01, p = 0.40). MDS plots for both sea urchin species showed distinct changes in larval morphology 6 4 2 0 ments showed clear differences in light intensity in light and dark beakers; light intensity in light and dark treatments was 59.7 ± 9.6 and 3.4 ± 0.6 µmol photons 07:00 13:00
Time of day m -2 s -1 (means ± SD), respectively. Measurements of exchange rates between beakers and the experimental tank showed that the concentration of Rhodomonas sp. reached equilibrium within Beads ingested min -1
Beads ingested min -1 Fig. 5 . Dendraster excentricus, Strongylocentrotus droebachiensis and S. franciscanus. Multidimensional scaling (MDS) ordination for morphology of larvae exposed to light (s) or dark (d) treatments. Left-hand panels: averaged shape of 5 to 8 larvae sampled from each of 20 beakers per treatment per day (shape based on measurements of 7 larval dimensions). Numbers: age of larvae in days since fertilization. ANOSIM comparisons of treatments were made on the final day of measurements in each of these panels. Right-hand panels: Average dimensions of all larvae within all 20 beakers of each treatment were averaged to produce the MDS figures. Lines were added to emphasize change over time in each species. Change in position of the points over time indicates changes in shape and size of the larvae (larger distances indicate greater changes). The low stress values (< 0.05) indicate an excellent fit of the 2-dimensional ordination plot to the multivariate data set over time, but the light and dark treatments tracked one another closely (Fig. 5) . In contrast to the larvae of the sea urchin species, plutei of the sand dollar Dendraster excentricus did show a morphological response to light (Fig. 5) . For the first 11 d of the experiment, larval morphology was similar in the light and dark treatments. However, after that date, the larvae began to diverge in form, and ANOSIM showed significant treatment differences on the final day of sampling (Global R = 0.32, p = 0.001). SIMPER analysis indicated that the treatment difference was due almost entirely to differences in arm lengths: preoral arm length (35.4% contribution to the treatment difference), postoral arm length (21.2% contribution), posterodorsal arm length (19.4% contribution), anterolateral arm length (17.9% contribution). These arms were, on average, 19 to 27% shorter in larvae held in continuous darkness (Fig. 6) . Dorsal length, ventral length, and body width together accounted for barely 6% of the difference between treatments.
Though the morphology of Strongylocentrotus droebachiensis larvae was not affected by the light treatments, juveniles of this species may carry over effects of larval light exposure. The juvenile rudiments of S. droebachiensis held in the dark were 196.3 ± 10.2 µm while those of larvae in the 12:12 h light:dark cycle were only 170.0 ± 10.0 µm in diameter (means ± SD). This 15% difference in diameter was statistically significant (F = 5.83, p = 0.02) despite significant (F = 7.19, p < 0.01) beaker-tobeaker variability within the light treatments.
DISCUSSION
Contrary to our expectations, manipulating light exposure had no measurable effect on feeding rates of larvae of Strongylocentrotus droebachiensis, S. franciscanus, or Dendraster excentricus. Altering the light regime of the larvae, even for several days, did not produce the change in ingestion rate that might be expected if these larvae normally benefit from some kind of light-enhanced digestion.
The absence of a response in our experiment indicates that larval feeding behavior does not immediately change when light levels increase or decrease (at least at the intensities we used). The densities of particles we used were near those known to produce maximum clearance rates in larval echinoids (Strathmann 1971) , and the clearance rates we obtained for Dendraster excentricus and Strongylocentrotus droebachiensis (0.5 to 2.0 µl min -1 ) are near the maximum clearance rates obtained by Hart & Strathmann (1994) for larval D. excentricus of approximately the same age. Therefore, larvae of those species were apparently feeding near their maximum capacity in both light treatments. Some factor unassociated with the light treatment may have been responsible for the much lower overall clearance rates of S. franciscanus larvae.
It is possible that the concentrations of beads and Rhodomonas used in our experiment were high enough to saturate ingestion by larvae in all treatments. If the larval guts were consistently full, there would be little room to detect light-induced differences. In each of our species, however, we saw at least 2-fold differences in numbers of ingested beads among larvae within the treatments, indicating that the larvae were not all simply saturated in their feeding capabilities.
A second possibility is that our experimental light levels were too low to produce any feeding response. Strom . If higher illuminations are necessary to trigger increased feeding, we missed the effect due to low light intensities.
Finally, if feeding rate is controlled by physiology rather than behavior, as suggested for protozoans (Strom 2002) , our experiments may have simply been too brief to enhance digestive throughput sufficiently to increase ingestion. The increased feeding described by Strom (2001) and was likely linked to the physiology of digestion (i.e. photooxidation increased digestion rates, decreasing vacuole passage time and allowing for increased ingestion). Had we run our experiment longer, breakdown of the Rhodomonas cells ingested with the beads may have triggered increased feeding. As performed, our experiment was a test of the direct effect of light on feeding behavior. Measuring indirect effects of light on ingestion rate via a light-induced digestive boost may require longer observation of individual larvae under carefully controlled conditions of light and food.
While we could find no light-controlled feeding trig-
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Anterolateral arms ger, we did find evidence that light exerts some longerterm control on feeding. Our 3 test species showed sigBody feature Fig. 6 . Dendraster excentricus. Length of larval arms (means + SE) in light-and dark-treated larvae. Plotted dimensions are those shown by similarity percentage (SIMPER) analysis to be most important in distinguishing larvae from the 2 treatments nificant temporal variability in feeding. In 2 species, the temporal feeding patterns were evident in the initial 15 min ingestion experiment. In both cases, the peak feeding occurred during daylight hours. The third species, Strongylocentrotus franciscanus, did not
Arm length (µm) show any statistically significant pattern in the initial trial. However, when experiments were performed with slightly older larvae, we found the same pattern of high daytime feeding. Since light was the only factor that consistently varied in our cultures, we believe that it was the cause of the temporal feeding patterns we saw. Our experiments did not indicate why these patterns exist, but the fact that they persisted in S. franciscanus larvae even after 3 d of continuous darkness suggests they are real. Diel feeding patterns have been demonstrated for a variety of zooplanktonic invertebrates. Usually, however, the feeding cycle is linked to vertical migration; the phytoplankton grazers move to surface waters to feed at night when they are less obvious to visual predators (e.g. Durbin et al. 1990 , Leising et al. 2005 ). Pennington & Emlet (1986) studied the vertical distribution of Dendraster excentricus larvae in outdoor 2500 l floating enclosures. The larvae showed the migratory pattern typical of many other zooplankton. They moved deeper during the day (to the maximum enclosure depth of 3.2 m) and returned toward the surface in the evening. Under these conditions, the larvae might be expected to feed most when they are near the surface (during nighttime). This is opposite the pattern we saw with all 3 species; feeding was consistently highest during daylight hours. Again, experiments with more realistic light levels would help validate these laboratory results.
While the effects of light on larval feeding behavior were subtle, effects on larval morphology were clearer. Morphological plasticity in echinoid larvae is well documented. Food-limited plutei may shift resources into larval arms and ciliated feeding bands (i.e. feeding features) at the expense of juvenile structures (Boidron-Metairon 1988 , Strathmann et al. 1992 , Fenaux et al. 1994 . The larval arms bear up to 74% of the ciliated band used in feeding, and Strathmann (1971) found a linear relationship between length of the ciliated band and the maximum rate at which larvae clear food from the surrounding water. The formation of new arms and/or the elongation of existing arms, therefore, increases feeding capacity (McEdward 1984 , Fenaux et al. 1985 , Hart & Strathmann 1994 .
Divergence in body forms of Dendraster excentricus larvae held in light and dark conditions became apparent 17 to 21 d after initiation of the experiment. We do not know whether changes in Strongylocentrotus franciscanus or S. droebachiensis larval morphology would appear later in development. It is also possible that running the experiments with lower food concentrations would magnify light effects, producing more treatment differences.
The changes we saw in Dendraster excentricus larval morphology were opposite to our predictions. Larvae held in a 12:12 h light:dark cycle (hypothesized to receive a light-induced digestive boost) actually developed the longer arms generally associated with low nutrition. A possible explanation for this result is that larvae in the dark fed more successfully because prey in that treatment were easier to catch. However, none of the phytoflagellates used as prey show obvious phototactic or photokinetic behavior in the laboratory (S. Strom pers. com.). Furthermore, mixing in the tank should have overwhelmed any differences in prey swimming. Eliminating this possibility, however, will require study of individual prey species' behavior under variable light conditions.
While our study focused on the potential effects of light on larval shape, it is possible that, rather than affecting morphology, light simply affected rates of development. The difference in morphology of Dendraster excentricus larvae on Day 21 was attributed to differences in all 4 pairs of larval arms. Interestingly, the difference in the relative lengths of all arm pairs in light and dark treatments was nearly equal (60 to 80 µm) despite much larger differences in the absolute arm length, indicating that arms may simply be growing more slowly. This possibility is contradicted, however, by the Stronglylocentrotus droebachiensis data. After 18 d of treatment, larvae in light and dark treatments were statistically indistinguishable, except for the rudiment. Larvae held in complete darkness had produced significantly larger rudiments, suggesting that those larvae had greater energy to allocate to development of juvenile structures and were moving more quickly toward metamorphosis.
The smaller rudiments we saw in light-treated Strongylocentrotus droebachiensis suggest that light may retard development, possibly by changing ingestion or assimilation. Lesser & Barry (2003) reported that even short exposures to UV light have strong negative effects on the larvae of S. droebachiensis. Pennington & Emlet (1986) similarly found that UV can affect swimming behavior, development and survival of Dendraster excentricus larvae. Larvae exposed to sunlight moved deeper in the water column, presumably to avoid damaging light levels. To our knowledge, no one has specifically tested for chronic effects of photosynthetically active radiation (PAR) on echinoid larvae, but Bingham & Reitzel (2000) demonstrated that visible light alone can damage invertebrate larvae.
The light levels in our experiments ranged between 50 and 60 µmol photons m -2 s -1 . In the field, we have measured similar light intensities at depths of 5 to 10 m (depending on water turbidity) on cloudless summer days. Echinoid larvae in Puget Sound appear to dwell largely in surface waters, usually < 6 m deep (Emlet 1986 , Pennington & Emlet 1986 . During the springtime and early summer when larvae are present, they could easily experience light intensities many times higher than those we used (intensities at the surface commonly reach 1500 µmol photons m -2 s -1 , unpubl. data). Given that we detected light effects under relatively low-light conditions, there is clear potential for much stronger effects on behavior, morphology and development of larvae under more realistic light conditions. A better understanding of those effects and whether they occur under field conditions could provide important insight into larval behavior and the consequences of that behavior on fundamental ecological processes such as dispersal or recruitment.
